The Kuiper belt is a disk of icy bodies that orbit the Sun beyond Neptune 1 ; the largest known members are Pluto and its companion Charon. A few per cent of Kuiper-belt bodies have recently been found to be binaries with wide separations and mass ratios of the order of unity [2] [3] [4] [5] [6] [7] [8] . Collisions were too infrequent to account for the observed number of binaries 9 , implying that these binaries formed through collisionless interactions mediated by gravity. These interactions are likely to have been most effective during the period of runaway accretion, early in the Solar System's history. Here we show that a transient binary forms when two large bodies penetrate one another's Hill sphere (the region where their mutual forces are larger than the tidal force of the Sun). The loss of energy needed to stabilize the binary orbit can then occur either through dynamical friction from surrounding small bodies, or through the gravitational scattering of a third large body. Our estimates slightly favour the former mechanism. We predict that five per cent of Kuiper-belt objects are binaries with apparent separations greater than 0.2 arcsec, and that most are in tighter binaries or systems of higher multiplicity.
. Collisions were too infrequent to account for the observed number of binaries 9 , implying that these binaries formed through collisionless interactions mediated by gravity. These interactions are likely to have been most effective during the period of runaway accretion, early in the Solar System's history. Here we show that a transient binary forms when two large bodies penetrate one another's Hill sphere (the region where their mutual forces are larger than the tidal force of the Sun). The loss of energy needed to stabilize the binary orbit can then occur either through dynamical friction from surrounding small bodies, or through the gravitational scattering of a third large body. Our estimates slightly favour the former mechanism. We predict that five per cent of Kuiper-belt objects are binaries with apparent separations greater than 0.2 arcsec, and that most are in tighter binaries or systems of higher multiplicity.
We first outline a simple model for runaway accretion. Accretion in the Kuiper belt did not reach completion, but was terminated when the velocity dispersion of its members was increased by an asyet undetermined process 10 . Bodies with a wide range of sizes were created during runaway accretion because the logarithmic mass growth rate, M 21 dM/dt, was an increasing function of M. Our main simplification is to consider only two groups of bodies: small ones, containing most of the total mass, and large ones, contributing a small fraction of it. The latter group is identified with the currently observed population of Kuiper-belt objects. Dynamical processes acting during runaway accretion include: viscous stirring of all bodies by the large ones; dynamical friction by the small bodies which damps the random motions of the large ones; and physical collisions, which lead to accretion and fragmentation.
The Methods section describes the evolution of the radii, R, of the large bodies, and the velocity dispersions, v and u, of the large and small bodies, respectively. Two dimensionless parameters determine the appropriate regime of runaway accretion: v ( < 10 24 ; the angle subtended by the solar radius as seen from the Kuiper belt, and S/j, the ratio of the surface densities of the large to small bodies. On the basis of Kuiper-belt surveys [11] [12] [13] that detect only large bodies, we estimate R < 100 km and S < 3 £ 10 24 g cm 22 : Extrapolating the minimum-mass solar nebula surface density to 40 AU yields j < 0:3 g cm 22 :
The resulting ratio of S=j < 10 23 is compatible with Kuiper-belt simulations [14] [15] [16] . Our investigation is simplified by using the same density ðr < 1 g cm 23 Þ for both the Sun and the Kuiperbelt objects.
Large bodies grow primarily by accreting small ones; small bodies do not grow appreciably on the growth timescale of R. Small bodies are viscously stirred by large ones, with their velocity u growing on the same timescale as R grows. Mutual viscous stirring increases the velocity v of large bodies, but dynamical friction from the sea of small bodies maintains v , u. Both stirring and damping rates of v are faster than the growth rate of R, so v is in quasi-steady state. Quantitatively, we find
where v H is the Hill velocity of the large bodies: v H < Q ( R H ; where Q ( < 1=40 yr is the orbital frequency around the Sun, and R H < v
21
( R < 10 4 R is the Hill radius. These results are in accord with the most recent simulations 16 . We identify two distinct channels for binary formation. Because v , v H , both begin when two large bodies penetrate one another's Hill sphere. This occurs at a rate
per large body. Stabilization of such a transient binary requires energy loss on timescale Q
( : This can be achieved either through dynamical friction from small bodies, a mechanism which we term L 2 s (for two large bodies and the sea of small bodies), or by interaction with a third large body, which we denote L 3 (for three large bodies).
(1) The L 2 s channel. Dynamical friction from small bodies during time Q
( results in a fractional energy loss:
This is also the fraction of transient binaries that become bound. Numerical simulations designed to test this assertion are shown in Fig. 1 . We integrate the equations of motion including dynamical friction under the Hill approximation in a frame rotating at the average mean motion. It is evident that capture is only possible within distinct ranges of impact parameters, whose widths are roughly proportional to the drag. More precisely, the symbol C denotes the ratio of the linear measure of the impact parameters that result in capture to 3 1/3 R H , and the symbol D denotes the fractional decrease in velocity due to drag over a time Q
( ; essentially half the expression in equation (3) . Clearly C < D to better than a factor of two, verifying our assertion. A sample of similar calculations starting from orbits with finite velocity v , v H gives similar results. Thus, this mechanism leads to a binary formation rate per large body:
(2) The L 3 channel. The probability that a third large body joins the Hill sphere of a transient binary during its lifetime is:
A significant fraction of these triplets will result in a bound binary. Therefore, the binary formation rate per large body via the L 3 channel is:
With our parameters, the ratio
is smaller than unity. Thus from here on we take FR ¼ FR L 2 s ; for smaller j/S, FR L 3 . FR L 2 s ; and that case can be treated in a similar manner. The ratio of
so binaries form at a rate comparable to the large bodies' growth rate.
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An important outcome of our binary formation model is that it allows us to predict the fraction of Kuiper-belt objects in binaries, as well as the distribution of their semimajor axes. The semimajor axis, a, shrinks at a rate a 21 jda=dtj owing to dynamical friction. Let p(a) be the probability density of finding a large body in a binary with semimajor axis a. Then, a pðaÞ < FR a 21 jda=dtj ð9Þ
In the region where the small bodies are unaffected by the large one, r u , a , R H (see equation (23)), a 21 jda=dtj is given by equation (21) . Thus the probability per logarithmic band in a is independent of a:
For R , a , r u ; both the number density and the velocity dispersion of small bodies are enhanced by a factor (r u /a) 1/2 ; see equations (24) and (25). Therefore, a 21 jda=dtj is reduced by a factor a/r u in comparison to its constant value for r u , a , R H given by equation (21) . Thus in this interval of semimajor axis:
The timescale for a binary to spiral in until contact is given by a(da/dt) 21 evaluated at a ¼ R which equals the growth timescale for an isolated body R(dR/dt) 21 . Contact occurs on the same timescale as that during which large bodies grow by accreting small ones. We define a critical separation
inside of which a p(a) . 1. For R , a crit , accretion by binary inspiral could make a substantial contribution to the growth of large bodies and systems of higher multiplicity might be common. Exchange reactions, in which the lighter member of a binary is replaced by a heavier body that passes through the system, are rare occurrences. Large bodies pass through an existing binary of semimajor axis R H at a rate given by equation (2) . This is smaller than the orbital decay rate by the factor ðS=jÞ letters to nature smaller semimajor axes, exchange reactions are rarer still. Near coalescence, only ðS=jÞ 1=2 < 0:03 large bodies pass through the binary during an orbital decay time.
In summary, we propose that the observed Kuiper-belt binarieswhich are widely spaced and have mass ratios of the order of unity-formed during runaway accretion. A fraction of the large bodies that entered one another's Hill sphere became bound as the result of energy lost to small bodies by dynamical friction (L 2 s channel) or by interaction with a third large body (L 3 channel). The timescale for a large body to become bound to a similar companion by the dominant L 2 s process was:
Further dynamical friction hardened the binaries. The timescale to achieve contact was that during which isolated large bodies grew:
Initially the inspiral was at a constant rate, but it slowed down inside r u where the small bodies' number density and velocity dispersion were enhanced above their background values. We deduce that the probability that a large body is part of a binary with separation greater than r u , about 3 00 of angular separation, is:
Inward of r u , the binary probability per logarithmic interval of semimajor axis increases inversely with semimajor axis. Because a p(a), as given by equation (11), exceeds unity for R , a , a crit < 300 km; systems with higher multiplicities would exist if such are stable. For the resolution of the Hubble Space Telescope (HST) survey (,0.2 00 ), we predict a binary fraction of about 5%, roughly compatible with observations (M.E. Brown, personal communication). Our prediction that close binaries are common could be tested by monitoring the brightness of Kuiper-belt objects for evidence of eclipses and/or fast rotation. The latter is a consequence, but not a unique signature, of binary mergers.
Weidenschilling has proposed 17 a model for the formation of Kuiper-belt binaries that is different from either of our two mechanisms L 2 s and L 3 . He considers the physical collision of two large bodies inside the Hill sphere of a third large body. To account for the observed binary frequency, he is forced to assume that, at the time of binary formation, the number of large bodies exceeded its current value by two orders of magnitude. No explanation is offered for the disappearance of most of the large bodies since that time. In fact, simulations of the formation of Kuiper-belt objects 16 show that more than 99% of the total mass was in much smaller bodies. Moreover, even if the Kuiper belt was populated by 100 times more large bodies than are at present there, the binary formation rate from Weidenschilling's model would be negligible relative to that from collisionless gravitational interactions between three bodies, as evaluated in our equation (6) .
By contrast, our collisionless mechanism for binary formation is adequate to account for the formation of the observed fraction of Kuiper-belt binaries using no more than the observationally determined number of large Kuiper-belt objects. The surface density of small bodies required to provide dynamical friction is just that required for the large Kuiper-belt objects to have grown by accretion. Finally, Weidenschilling predicts that the number of binaries should increase with increasing semimajor axis, whereas we predict the opposite. These predictions will be subject to observational tests in the near future.
Our numerical results are crude, as we have discarded numerical coefficients and logarithmic factors. Therefore, more credence should be accorded to functional dependences than to precise numerical predictions. We foresee numerous extensions to the present investigation. In our analysis we estimate the surface density ratio of large to small bodies from the observational census of Kuiper-belt objects together with an extrapolation of the surface density of the minimum-mass solar nebula. It would be an improvement to have a theoretical understanding of how this ratio evolves during runaway accretion. Also, we elaborated the binary evolution model with a given set of parameters, specifically v ( and S/j. Different scalings that apply for other parameter regimes remain to be worked out.
Additional predictions suitable for testing by future observations of Kuiper-belt binaries could be made by extending our model in a variety of ways. Relaxing the restriction to two mass groups would allow us to investigate the mass ratio distribution of binary components and its dependence on semimajor axis. We predict the formation of multiple systems for bodies with R , a crit . Numerical experiments could establish what types of systems survive disruption due to mutual interactions of their members. We could also predict eccentricity and inclination distributions. This would require a more detailed look at the anisotropy of the velocity distribution of small bodies, especially for radii r , r u . Anisotropy leads to tensorial dynamical friction in which the force is not antiparallel to the velocity 18 . We can already say that the eccentricities are likely to be large. They start large following binary capture, and because the magnitude of the dynamical friction force increases outwards for radii r , r u , they should remain large in this region.
Numerical simulations of the Hill problem that include both large and small bodies would help determine the capture probability due to dynamical friction. Computations involving three massive bodies are needed for evaluation of capture probabilities by that channel. These have been computed for stars in globular clusters 19 , but in our regime the Hill sphere must be taken into account.
The two largest known Kuiper-belt objects, Pluto and Charon, form a binary. Collision coupled with tidal evolution is the generally accepted mode of formation for this system. Our model for binary formation provides another candidate. It may also apply to the formation of some binaries in the asteroid belt. A
Methods

Runaway accretion
Gravitational interactions determine the accretion rates and velocity dispersions of both large and small bodies. Simplified equations, abstracted from more complete treatments in the literature 20, 21 , read:
where s denotes the radii of small bodies. To simplify matters, we use a single velocity dispersion in place of three that are needed to characterize a triaxial velocity ellipsoid. The expressions SQ ( /rR and jQ ( /rs give the kinematic (ignoring gravitational focusing) collision rates of large bodies onto large bodies and small bodies onto small bodies; jQ ( /rR is the kinematic collision rate of small bodies onto a large one multiplied by the mass ratio (s/R) 3 . The factors F M2M and F M2m in equation (16) account for the enhancements of the physical collision rates owing to gravitational focusing by large bodies of the trajectories of incoming large and small bodies, respectively:
The expression v (18) and (19) are the ratios of those cross-sections to the geometrical ones.
In equation (16), the two terms on the right-hand side account for the radius growth of letters to nature the large bodies by the accretion of large and small bodies. The single term on the righthand side of equation (17) describes how the radii of small bodies increase as the result of coalescence under conditions of negligible gravitational focusing. In equation (18), the first term describes the viscous stirring of large bodies due to mutual gravitational deflections, whereas the second term accounts for the damping of the large bodies' velocity dispersion by dynamical friction resulting from their gravitational interactions with the small bodies. Equation (19) shows how the velocity dispersion of the small bodies evolves under viscous stirring by large bodies and damping due to collisions between small bodies. We assume that ðS=jÞ 3=2 , v ( , S=j , 1: In this regime of runaway accretion, the rates of gravitational stirring and dynamical friction acting on the large bodies are much greater than the large bodies' growth rates. Moreover, provided the radii of the small bodies s satisfy ðS=jÞR , s , ðS=jÞ 1=3 R; or 0.1 km , s , 10 km, their growth rates are negligible compared with those of the large bodies, and collisional damping of their velocities is unimportant on the timescale of viscous stirring. Under these approximations, the solution to equations (16)- (19) is given in equation (1) . In this solution, the balanced rates of viscous stirring and dynamical friction for large bodies satisfy:
Large bodies grow predominantly by accreting small bodies; the small bodies' velocity dispersion evolves mainly by viscous stirring provided by the large bodies with negligible collisional losses. These two processes proceed at equal rates:
Spatial distribution of small bodies
Small bodies that are on hyperbolic orbits with respect to a large body are affected at separations smaller than
For separations r , r u , the velocity dispersion of the small bodies is
In addition, because the impact parameter for a small body to arrive at radius r is b < ðr u rÞ 1=2 ; the continuity equation implies that for r , r u the small bodies' number density is enhanced by a factor:
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. In quantum Hall systems and superconductors, zero-resistance states often coincide with the appearance of a gap in the energy spectrum 1,2,4 . Here we report the observation of zero-resistance states and energy gaps in a surprising setting 5 : ultrahigh-mobility GaAs/AlGaAs heterostructures that contain a 2DES exhibit vanishing diagonal resistance without Hall resistance quantization at low temperatures and low magnetic fields when the specimen is subjected to electromagnetic wave excitation. Zero-resistancestates occur about magnetic fields B 5 4=5B f and B 5 4=9 B f ; where B f 5 2pfm*=e; m* is the electron mass, e is the electron charge, and f is the electromagnetic-wave frequency. Activated transport measurements on the resistance minima also indicate an energy gap at the Fermi level 6 . The results suggest an unexpected radiation-induced, electronic-state-transition in the GaAs/AlGaAs 2DES.
Hall bars of width w, with 50 # w # 200 mm; and squareshaped specimens up to ,3 £ 3 mm 2 were fabricated from high quality GaAs/AlGaAs heterostructures exhibiting an electron density nð4:2 KÞ < 3 £ 10 11 cm 22 and a mobility mð1:5 KÞ < 1:5 £ 10 7 cm 2 V 21 S 21 : Typically, a specimen including either Au/Ge-Ni or In contacts was mounted inside a waveguide, immersed in pumped liquid helium, and irradiated with electromagnetic waves (microwaves) over the frequency range 27 # f # 115 GHz; at an estimated power level of #1 mW, over a cross-sectional area of #135 mm 2 in the vicinity of the sample. The range of f was spanned piecewise using an array of sources. The current axis in the specimen was oriented either parallel or perpendicular to the electromagnetic-wave polarization axis of the waveguide. Observed experimental features appeared to be insensitive to the type of contacts, the shape of the sample, the current orientation with respect to the polarization axis, and the magnitude of the current. Conversely, these physical phenomena were quite sensitive to the temperature, the microwave frequency, and the radiation power. The systematic dependence upon these latter variables served to rule out spurious effects. Figure 1a shows the diagonal (R xx ) and Hall (R xy ) resistances, which were measured in the four-terminal configuration, using standard low-frequency a.c. lock-in techniques. Notably, R xx and R xy exhibit the usual quantum Hall behaviour for B $ 0:4 T at f ¼
